We report on the cathodoluminescence characterization of Au, Al and a Au/Al bimetal circular plasmonic patch antennas, with disk diameter ranging from 150 to 900 nm. It allows us access to monomode operation of the antennas down to the fundamental dipolar mode, in contrast to previous studies on similar systems. Moreover we show that we can can shift the operation range of the antennas towards the blue spectral range by using Al. Our experimental results are compared to a semi-analytical model that provides qualitative insight on the mode structure sustained by the antennas.
I. INTRODUCTION
Advances on classical and quantum solid state light emitters and optoelectronic devices bring great interests in controlling light emission properties of nano-sized emitters. As an example, several approaches are employed in the field of semiconducting quantum dots, from microcavities 1 and other photonic structures 2-4 to plasmonic antennas [5] [6] [7] [8] . In the latter case, a great effort has been made to develop new antenna geometries that could increase the coupling strength between a single emitter and the antenna. Additionally, researchers are investigating novel possibilities of controlling the radiation pattern of the coupled structure.
One of the emerging strategies is to confine the plasmon field inside an insulating layer comprised between a metallic nanoparticle and a continuous metallic film. Such structures were initially investigated using colloidal plasmonic particles 9, 10 . Due to the strong electric field enhancement possible inside the insulating layer, these systems were soon proposed as promising plasmonic cavities. Recent demonstrations include a 1900-fold increase in emission intensity for colloidal quantum dots 11 , and reaching up to the strong coupling regime for single molecules placed between colloidal Au spheres and an Au mirror 12 . All of these systems rely on the coupling between the dipolar localized surface plasmon mode supported by the nanoparticle and the metallic mirror. Another key properties of the particle-on-a-mirror geometry is that the coupling between the plasmon mode supported by the particle and the film allows to dramatically change the emission diagram of the coupled system. This was especially investigated using Au disk antennas on a Au mirror. Because of geometrical and electric field profile similarities to their radio-frequency counterparts, these laterally confined insulator-metal-insulator-metal (IMIM) nanostructures were then designated as plasmonic patch antennas [13] [14] [15] . They have been successfully coupled to colloidal quantum dots 16 and studied by cathodoluminescence 17 . Contrary to the nanoparticle-on-a-mirror experiments, circular patch antennas reported up to now have large diameters. They can be thought as circular cavities for surface plasmon polariton modes. Their large size and subsequent large number of supported mode is the key to the control of their radiation pattern.
In this article, we use cathodoluminescence (CL) spectroscopy and imaging on Au and
Al circular plasmonic patch antennas in the intermediate regime between large antenna and small particle. We characterize circular antennas supporting single mode operation as well as highly multipolar modes. The CL signal collected from plasmonic antennas is closely 2 related to the electromagnetic local density of states (LDOS). In [17] [18] [19] , it is shown that the signal measured in CL corresponds to the integration over the electron beam path of the partial, radiative LDOS projected along the electron beam path. It allows to precisely characterize the antennas, to determine their spectral properties and to map the radiative LDOS on a nanometer scale for each antenna resonance. The paper is organized as follows:
we first present the patch antennas fabrication and the CL system. We then introduce the fundamental properties of Au patch antennas and a semianalytical model proposed to explain their mode structure 14, 17 . We then study antennas of smaller dimensions, down to ∼170 nm in diameter, allowing for the study of the fundamental antenna mode. Finally, using Al patch antennas we demonstrate that changing the antenna material makes it possible to shift their operation range down to a wavelength of 450 nm. Indeed, Al is seen as a promising candidate for blue and U.V. plasmonics [20] [21] [22] [23] in spite of the current low quality of Al films 24 . It has the additional advantage to be compatible with current CMOS fabrication technologies, easing a possible large-scale implementation of Al-based plasmonic devices. The patch antennas are fabricated on Si substrates. A first, optically thick layer of metal 3 (Au or Al, 100 nm) is evaporated on the substrate using e-beam evaporation. In order to get the best optical properties, we aimed at lowering as much as possible the surface roughness and granular structure of the films. Au evaporation is performed under ∼ 10 −6 mbar at an evaporation rate of ∼ 2 Å/s. Al has a tendency to oxidise a lot more easily than Au, and therefore smooth Al films are hard to obtain with the vacuums levels available in conventional e-beam evaporation machines. A possible way to improve the quality of the film is to use a higher evaporation rate, in our case 2 nm/s 24 . The spacing oxide layer is then deposited using atomic layer deposition, and its thickness is controlled using an interferometric measurement after deposition.
II. SAMPLE FABRICATION AND EXPERIMENTAL DETAILS
All the top layer plasmonic structures are fabricated by electron beam lithography. An electron-sensitive, positive resist (Poly(metyl methacrylate), or PMMA) is spin-coated on the sample and soft-baked on a hot plate at 180
• C for 5 min. The disks are patterned using an electron beam exposing the resist upon electron impact. Each disk is separated from its neighbours by a distance greater than 2 µm to avoid any coupling between two adjacent structures. The resist is then developed, and 35 nm of metal (Au or Al) is deposited using electron gun evaporation. A final lift-off process is performed in 1-methyl-2-pyrrolidinone (NMP) heated at 80 • C to remove the remaining resist.
Three IMIM systems are under investigation. In each case, the Al 2 O 3 oxide layer thickness is 57±2 nm. First, Au patch antennas were fabricated on an Au mirror, as shown in Fig. 1 (a), with diameters ranging from 280 to 900 nm. Second, Au patch antennas on an Al mirror were fabricated with diameters ranging from 120 to 930 nm ( Fig. 1(b) ). Finally, Al antennas on an Al mirror were fabricated, with diameters also ranging from 120 to 930 nm ( Fig. 1(c) ). As can be seen in the scanning electron microscope (SEM) images in Fig. 1 , the Au deposition results in a very smooth Au film and antenna surface. Magnified SEM images revealed an Au grain size of around 10 nm. The Al film appears a lot rougher, as can be inferred from dispersed using a 150gr/mm grating blazed at 500 nm, and detected using a CCD camera (Andor Newton).
III. CATHODOLUMINESCENCE OF AU PATCH ANTENNAS
Let us first describe the spectral properties of the Au patch antennas. To obtain the antennas CL spectrum, we raster scan the electron beam over the antenna surface, using a square scanning area exactly circumscribing the disk. The beam scanning time is set to be much smaller than the integration time (∼1 min) so that every point on the antenna surface can be considered as equally excited. A background spectrum is acquired by scanning the exact same area on a region where no antenna is present, recording the CL response of the bare substrate. This substrate spectrum is subtracted from the antenna's CL response. We note that the background luminescence from the substrate has an intensity of ∼ 4000 s −1 , while the CL signal originating from localized surface plasmon modes supported by the antenna is ∼ 20 s −1 in intensity. The background subtraction procedure does not suppress entirely the contribution of the substrate luminescence to the collected CL signal. A typical antenna spectrum is presented in Fig. 2 (a) (590 nm diameter). It presents a broad peak will be discussed in the modelling section.
IV. SEMI-ANALYTICAL MODEL
The optical properties of plasmonic patch antennas can be described by the semianalytical model of ref. 17 which is adapted from the fully analytical work of ref.
14 . The analytical model considers an arbitrary stack of circularly symmetric layers of fixed radius R, different thickness t j and permittivity ε j , where j is the layer number, embedded in an homogeneous medium of permittivity ε d . A sketch of the geometry is shown in Fig. 3(a) .
The stack is considered as a circular cavity supporting Bessel-type surface plasmon polariton The electric field is decomposed into eigenmodes of the circular geometry in which the z, ρ and ϕ dependences can be separated as: where a(z) is the vertical mode profile sketched in red in Fig. 3(b) , J m is the Bessel function of the first kind of azimuthal order m, ρ is the radial vector and k n,m is the surface plasmon polariton wave vector supported by the infinite multilayer structure following the dispersion relation of Fig. 3(c) . The eigenfunctions are further determined by the resonance condition:
where Re [k n,m ] denotes the real part of the SPP wave vector. The phase factor ϕ m accounts for the phase shift acquired upon reflection at the patch edge ρ = R. x n is the n − th zero of the Bessel function J m . While ϕ m can be numerically calculated for each azimuthal number m according to ref.
14 , we used the empirical formulas and method reported in ref.
17
instead. The main approximation is that ϕ m is considered the same for all antenna modes (n, m). Equation 2 gives the resonant frequencies ω n,m of the disk after inversion of the SPP dispersion relation. The LDOS Γ (ω, ρ) probed during the CL experiment can thus be expressed as:
where the energy of the mode profile E n,m z (ρ) is normalized in space through 2πρ |E n,m z (ρ)| 2 dρdz = 1, and L (ω, ω n,m , γ n,m ) is a normalized Lorentzian function centred at frequency ω n,m with a full width at half maximum γ n,m so that L (ω, ω n,m , γ n,m ) dω = 1. Following ref. 17 , the width of the Lorentzian function is given by:
where γ 0 and b are adjustable parameters used to fit the resonance bandwidth of the antennas, Im [k n,m ] is the imaginary part of the SPP wave vector, and ω norm = ω/(1800 THz).
The frequency broadening of the antennas resonances describes the loss-induced frequency broadening of the plasmonic patches. Note that as the LDOS is related to the square modulus of the electric field, one can only detect the radial dependence of the plasmon mode, and not its azimuthal dependence.
Using the previous relations we compute the different resonances contributing to the LDOS for each radius of the the fabricated antennas. The fitting parameter ϕ m was obtained in 17 by matching the resonance of the fundamental antenna mode to the results of numerical simulations. However, due to the large disk size, this mode had a very low energy and could not be experimentally observed. Here instead, we match the position of all the antenna modes with the experimentally determined resonances of branches i, ii and iii in Fig. 2(c) .
In this case, we find that a correction on the SPP dispersion relation is necessary to reproduce the experimental mode dispersion. The semi-analytical model thus seem to underestimates the mode wave vector by a factor 1.5 to 2. This might be due to the fact that the model considers the disks as cavities for propagating SPPs, whereas for small disks the large lateral confinement may result in larger SPP effective wave vectors, as already described in the case of plasmon waveguides 28, 29 . Fitting the experimental data, we find γ 0 = 0.05, b = 1.7, and ϕ m = 0.5.
Comparing the results of the simulations with the experimentally determined spectra and LDOS reveals further information on the mode structure supported by the patch antennas. This is because the model only describes the LDOS supported by the particle, while CL is sensitive to the radiative component of the LDOS. The radiative efficiency and radiation pattern of each resonance is thus left out in the model and is responsible for this discrepancy.
Finally, the broad continuum of CL signal below 600 nm is not reproduced by the model, because it is simply due to luminescence from the Au layers and thus not related to the plasmonic mode structure of the antennas. Figure 4 shows that the antenna can sustain resonances corresponding to a single plasmon mode. Reaching low order mode operation, or even single mode operation is important to efficiently couple the patch antennas to localized emitters placed inside the spacing layer, such as in 16 . Large patch antennas support a high number of competing mode, which gives them their interesting directional beaming properties, as shown in depth in 17 . However, a large radiative enhancement requires a strong coupling between the emitter and a single radiative mode of the antenna. This is why the strongest reported Purcell factors in the patch geometry involve small metallic particles as in refs. 11, 12 . Hence, a trade-off has to be found between directionality and radiative rate enhancement when coupling nano-emitters to such plasmonic patch antennas.
V. TOWARDS LOWER ORDERS
The lowest order radiative mode that can be sustained by the patch antenna is the fundamental (n = 1, m = 1) dipole-like mode. To reveal this fundamental mode, we fabricated smaller Au antennas on an Al mirror. The use of the Al mirror strongly reduces the luminescence contribution from the substrate, as will be evidenced in the next section. The CL spectrum and hyperspectral map of the CL signal as a function of the wavelength and antenna reduced radius are presented in Fig. 5 for a 170 nm diameter antenna.
This antenna clearly exhibits a dipole-like LDOS spatial pattern, characteristic of the fundamental (n = 1, m = 1) antenna mode, as can be seen in Fig. 5(b) . However, the spectrum presented in Fig. 5 (a) exhibit a very broad unresolved double peak resonance centred at 845 nm. Using the hyperspectral mode of the setup, we image the LDOS supported by the antenna on the high and low energy side of this resonance. Fig. 5(c) shows the LDOS using the integration bandwidths coloured in Fig. 5(a) . It reveals that due to fabrication imperfections, the antenna in not perfectly circular, resulting on an apparent splitting of the fundamental (n = 1, m = 1) mode and breaking of the circular symmetry. We note the the CL signal seems stronger on the upper half of the antenna for both the horizontal (H) and vertical (V) modes in Fig. 5(c) . We attribute this effect to the progressive SEM induced contamination of the antenna surface as we scan the beam over it (total acquisition time is ∼30 min) 
VI. TOWARDS HIGHER ENERGIES
Having completely characterize the mode structure of small circular Au plasmonic patch antennas, we fabricated Al patch antennas on an Al mirror to extend their operation wavelength to higher energies. LDOS imaging experiment on each resonance confirm that the change in material allows to tune the resonant wavelengths of the antennas but does not affect their supported mode structure, which is only characteristic of the antenna geometry. We note that due to the roughness of the Al film, LDOS imaging was more complicated in the case of Al antennas.
The presence of such large Al grains produces a lot of parasitic signal arising from surface plasmon modes strongly localized on the grains. Parasitic CL signal also originates from the diffraction by the surface roughness of the continuum of surface plasmon polaritons excited by the electron beam.
VII. CONCLUSION
In conclusion, we have used cathodoluminescence spectroscopy and imaging to investigate the spectral and spatial plasmonic properties of circular plasmonic patch antennas made of Au and Al. In a first step, we have characterized Au patch antennas on an Au mirror.
Their characteristic spectrum shows several resonances above 600 nm. Energy-resolved CL imaging allowed us to image the radiative LDOS corresponding to the resonances. We have linked the CL properties of these antennas to a semi-analytical model presented in ref. 17 .
Contrary to what is reported in this reference, we arrive here at a one-to-one correspondence between the measured and simulated LDOS at the expense of correcting the surface plasmon To perform LDOS imaging, the CL signal in filtered in energy using the exit slit of the spectrometer and sent on an APD. The APD output is connected to an electronic pulse generator. We ensure that the amplitude and time of the pulse are set so that we operate in a photon counting mode. Typically, the pulse duration is one third of the pause time of the electron beam on each position. The resulting image is thus composed of pixels of discrete intensity values. A digitalisation step is perform to convert these discrete intensity values into a number of counting events. To account for the spatial extension of the electron beam, a spatial Gaussian filter of 10 nm width is applied on the signal.
We can compare the results obtained from the two CL setups using Fig. 7 , 81, 1110-1113 (1998).
